The human visual system is tuned to the motions of biological entities, which provide potentially vital information for survival. The current study examines the interplay between motion speed and motion direction perception. Following a brief presentation of a point-light walker walking straight ahead or slightly leftward or rightward, observers were asked to quickly judge the walking direction (left or right). Participants showed better direction discrimination when the walker walked at a fast pace compared to a natural or slow pace, and this was not simply due to a difference in motion cycles. Moreover, walking direction sensitivity could be enhanced by increasing the feet motion speed alone, so long as the direction of feet movement was consistent with that of the other body parts. These findings demonstrate that our perception of walking direction is influenced by local motion speed, and highlight the role of the feet in biological motion perception. biological motion, motion speed, walking direction, discrimination
Humans, like many other species, are fundamentally social and have evolved mechanisms that allow us to work successfully in large social groups. As social animals, humans behave largely in accordance with their interpretations and predictions about the actions of others, even in situations where visual information about a person is sparse, i.e. reduced to only a small number of point-lights attached to the head and major joints [1] . It has been demonstrated that observers can readily recognize the action [2, 3] , gender [4] [5] [6] [7] [8] , and identity information [9] [10] [11] conveyed by point-light biological motion. Among these, detecting the direction of movement of an individual is crucial for a variety of adaptive behaviors including hunting and fleeing. Indeed, walking direction (left vs. right) can be successfully discriminated even when point-light displays are embedded in dynamic visual noise [12] [13] [14] [15] [16] . Young infants are able to *Corresponding authors (email: linchen@bcslab.ibp.ac.cn; yijiang@psych.ac.cn) discriminate the walking direction of an upright point-light walker as early as 6 months old [17] .
As people typically move forwards in the direction they are facing, walking direction is accordingly the same as their facing direction. In the case of the point-light walker stimuli used in these studies, the walkers walk on a treadmill and there is no global translational motion at all. Therefore, the walking direction is essentially equivalent to the facing direction. Previous studies have shown that the human visual system has specialized mechanisms tuned to different face viewpoints [18, 19] and body orientations [20] . Although motion can provide more reliable and compelling direction information than a static frame [21] , the role of the motion signals is still unclear, as well as whether local motion itself can influence viewpoint discrimination in biological motion. While many previous studies have focused on the global aspects of biological motion perception and have emphasized the contribution of the global configuration [13, 22, 23] , some recent findings also provide evidence highlighting the unique role of local motion signals (e.g., the motion of the feet) in biological motion processing. It has been shown that the local features in biological motion can be processed independent of global configuration and influence the detection and visual search of biological motion signals [14, [24] [25] [26] [27] [28] . In the current study, we further examined whether our perceptual discrimination of biological motion walking direction can be modulated by specific properties of the local motion signals.
Motion speed or velocity is one of the most important properties in characterizing common motion information over space and time. It has been shown that translational motion direction perception is affected by many factors including motion speed, stimulus contrast and duration. For humans and cats, the threshold of translation motion direction discrimination, measured by moving isotropic dot patterns, is inversely related to stimulus speed only at low drift rates [29, 30] . As mentioned above, biological motion perception is quite different from translational motion in that the successful recognition and discrimination of biological motion is highly dependent on the global configural information [13, 23, [31] [32] [33] and might not necessarily rely on local motion signals. Here we aimed to first investigate whether and how motion speed modulates the discrimination of biological motion walking direction in the human visual system. In addition, we further examined the potential role of local motion signals in biological motion perception.
Methods

Participants
Fifty-two graduate students, who were between 19 and 30 years of age, participated in the current study (12 participants in Experiment 1, 14 in Experiment 2, 14 in Experiment 3, and 12 in Experiment 4). These participants did not overlap among the experiments. All observers had normal or corrected-to-normal vision and gave written informed consent in accordance with the procedures and protocols approved by the institutional review board of the Institute of Psychology, Chinese Academy of Sciences. They all perceived the point-light walker as facing towards themselves and were naïve to the purpose of the experiments.
Stimuli and procedure
Stimuli were generated and displayed using MATLAB (Mathworks, Inc.) together with the Psychophysics Toolbox extensions [34, 35] . Point-light biological motion 3D coordinates were adopted from Vanrie and Verfaillie [36] . A set of point-light walker stimuli, consisting of a front direction and a number of side walking directions, were generated by projecting 3D models rotated in depth (clockwise or counter clockwise) onto a 2D plane. The testing stimuli included side walking directions, which had ±2, ±4, or ±6 degrees of angular rotation from the front direction, and the front direction itself. In Experiment 1, the point-light walker could walk at three different paces: fast (2 cycle/sec), natural (1 cycle/sec) and slow (0.5 cycle/sec) speeds. In Experiment 2, in addition to the motion speed, the number of motion cycles was also manipulated as to be either 1 or 2 cycles. In Experiment 3, only the motion speed of the two point-lights representing the feet was changed and all other point-lights remained at the natural speed. In Experiment 4, everything was the same as in Experiment 3 except that the moving direction of the feet was either kept normal or constant towards the front.
The stimuli were white on a grey background and the viewing distance was approximately 70 cm. In each trial, the point-light biological motion stimulus (4.3°×10.7°) appeared in the center of the screen with a small random displacement (0° -1°) in order to avoid the potential interference effect from previous trials. Following the presentation of the stimulus, observers were required to report whether the walker was walking towards the left or the right side of the front direction by pressing one of two keys on a standard keyboard. There were 20 trials for each condition, distributed in four blocks, and all stimuli were presented in a truly randomized sequence. The participants of each experiment completed all blocks in one session. The data points from each participant for each walking speed condition were fit with a sigmoid Boltzmann function (f(x)=1/(1+exp((x-x 0 )/ω))). Here the measurement of the discriminability of the biological motion walking direction was described as the difference limen (DL), which is estimated as being half the interquartile range of the fitted function (DL=x 0.75 -x 0.25 ). In other words, the smaller the DL, the higher the discrimination sensitivity of the observer to the biological motion walking direction. In addition, the point of subjective equality (PSE) was taken to rate a walker walking towards the front. PSE and DL values were then subject to further group averaging and statistical tests.
Results and discussion
Experiment 1: Motion speed modulates walking direction discrimination
To examine the influence of the motion speed on the discrimination of walking direction, three different motion speeds (fast: 2 cycles/s; natural: 1 cycle/s; slow: 0.5 cycle/s) were tested in the experiment.
The results of Experiment 1 are plotted in Figure 1 , which shows the mean PSE and DL values (see Methods for details). The DL was significantly modulated by the different motion speeds (F(2,22) = 12.57, P < 0.001). Specifically, the DL under the fast walking speed (2 cycles/s) condition was significantly smaller than the DLs under the natural (1 cycle/sec; t(11) = 3.68, P < 0.005) and the slow walking speed conditions (0.5 cycle/s; t(11) = 4.20, P < 0.001), and the difference of the DLs between the natural and slow walking speed conditions was not significant (t(11) = 0.79, P > 0.4). In other words, observers demonstrated a better discrimination sensitivity when the point-light walker walked at a fast pace compared to when the walker walked at a natural or slow pace. The PSE was not different across the motion speed conditions (F(2,22) = 0.18, P > 0.7).
Although the presentation durations of the point-light walker were kept exactly the same under the different motion speed conditions, it could be argued that the number of motion cycles was not the same for each condition. For example, the point-light walker completed 2 motion cycles within 1 second under the fast walking speed condition (2 cycles/s), whereas only half of a cycle was displayed under the slow walking speed condition (0.5 cycle/s). It is possible that the number of motion cycles of biological motion, instead of the motion speed, is the key factor in modulating the discrimination sensitivity of the human visual system for perceiving walking direction of biological motion [15] . To test this possibility, Experiment 2 was designed so that both the motion speed and the motion cycle were manipulated.
Experiment 2: The role of the motion cycle in walking direction discrimination
In Experiment 2, each testing stimulus (point-light walker) could be presented with either a fast walking speed (2 cycles/s) or a natural walking speed (1 cycle/s), and could be presented for either one or two motion cycles. All other aspects of the procedure were the same as in Experiment 1.
The results of Experiment 2 are plotted in Figure 2 . For PSE, repeated measures ANOVAs showed that neither the main effects of motion speed (F(1,13) = 2.81, P > 0.1) and motion cycle (F(1,13) = 0.14, P > 0.7) nor the interaction between motion speed and motion cycle (F(1,13) = 0.06, P > 0.8) were significant. These results were consistent with those of Experiment 1, suggesting that PSE was not modulated by the motion speed or the motion cycle.
For DL, repeated measures ANOVAs showed that the main effects of motion speed (F(1,13) = 1.65, P > 0.2) and motion cycle (F(1,13) = 2.61, P > 0.1) were not significant, but there was a significant interaction between motion speed and motion cycle (F(1,13) = 6.97, P < 0.05). Further tests of simple effects showed that when the presentation duration of the point-light walker was 1 s (2 cycles for fast walking speed and 1 cycle for natural walking speed), the DL under the fast walking speed condition was significantly smaller (indicating better discrimination) than the DL under the natural walking speed condition (F(1,13) = 6.50, P < 0.05). This is basically a replication of the findings from Experiment 1. Compared to the single motion cycle, the presentation of 2 motion cycles only reduced the DL under the natural walking speed condition (F(1,13) = 7.31, P < 0.05), but did not have an effect under the fast walking speed condition (F(1,13) = 0.01, P > 0.9). These results suggest that the number of motion cycles plays an important role in our discrimination of biological motion walking direction, consistent with previous findings [15] . However, the heightened discrimination performance obtained with fast-motionspeed stimuli could not be simply attributed to differences in the number of motion cycles. In fact, observers showed superior discrimination sensitivity for the fast walking walkers regardless of how many motion cycles were displayed. It is possible that the effect of number of motion cycles is limited to a certain range of biological motion walking speeds within which the observers' discrimination sensitivity increases with the number of cycles presented [15] .
Experiment 3: The role of feet in the modulation effect of motion speed
The results from Experiments 1 and 2 provide clear evidence that motion speed modulates our perceived biological motion walking direction. Although the point-light walker is usually perceived as a global motion pattern, it is not clear whether the modulation effect arises from the global configuration or from the local motion signals. Recent studies have revealed that the motion of the feet, which move along longer trajectories than other points, contains meaningful biological properties and has a special role in biological motion perception [14, [24] [25] [26] . To isolate the contribution of feet movement in the modulation effect observed here, we manipulated only the motion speed of the feet while keeping all other points unchanged.
The results of Experiment 3 are plotted in Figure 3 . Paired-sample t-tests showed that, when compared with a single motion cycle, the presentation of 2 motion cycles reduced the DL under the natural walking speed condition (t(13) = 2.58, P < 0.05), replicating the findings from Experiment 2. Critically, the DL with high feet motion speed was significantly smaller than the DL with natural feet motion speed, although the motion speed of all the other points was identical. Moreover, the independent-sample t-tests showed that the DL under the fast feet motion condition was similar to the DL under the fast walking speed condition that was observed in both Experiment 1 (t(24) = 0.07, P > 0.9) and Experiment 2 (t(26) = 1.18, P > 0.2). These results indicate that, in terms of improving walking direction discrimination, there is no difference between increasing the motion speed of the point-lights representing the whole walker and increasing the motion speed of the feet only. Our data thus provides strong support for the notion that local feet motion plays a critical role in the visual discrimination of biological motion walking direction.
Experiment 4: Modulation is not due to a general arousal effect
The results from Experiment 3 reveal that biological motion walking direction discrimination can be modulated by local motion speed. However, it is possible that the modulation effect may simply reflect a general arousal effect rather than specific perceptual processing. In other words, the fast motion itself might have induced a general enhancement of arousal level, which could further mediate the modulation effect. If this is the case, we would expect that the modulation effect would be replicated even when the fast motion signal is not direction specific. To test this possibility, we manipulated the direction of the feet to be either consistent with the whole body (normal feet condition) or constantly walking forward (constant feet condition). In other words, under the normal feet condition, the stimuli were exactly the same as in Experiment 1; under the constant feet condition, the walking direction of the feet was constantly towards the front regardless of the facing direction of the other parts of the walker. All other variables were the same as in Experiment 3.
The results of Experiment 4 ( Figure 4 ) indicated that when feet direction was consistent with the rest of the body, the DL in the fast walking speed condition was significantly smaller than the DL in the natural walking speed condition (t(11) = 2.37, P < 0.05), consistent with the results from Experiment 2. Importantly, when feet direction was kept constant and thus did not provide any useful walking direction information, the difference in the DL between the fast and natural walking speed conditions disappeared (t(11) = 0.91, P > 0.3), indicating that the modulation effect of local motion speed was not due to a general arousal effect. Rather, it reflects a perceptual enhancement of discrimination sensitivity that is specific to the walking direction of the feet. Together, the current results reveal a significant role of feet in biological motion perception. Normal feet direction means that the direction of the feet is consistent with the walking direction of the whole body, and constant feet direction means that the direction of the feet is constantly towards the front (zero degrees). The superior sensitivity for fast motion speed disappeared when the feet motion did not provide useful direction cues. Error bars indicate one standard error.
General discussion
For a vast number of organisms, it is evolutionarily important to be highly sensitive to the moving direction of other biological entities under many different circumstances. Indeed, it has been demonstrated that the walking direction of point-light walkers can be incidentally processed [37] and even induce reflexive attentional orienting [21] , suggesting an intrinsic sensitivity of the human visual attention system to biological motion signals [17, 38, 39] . Because a fast moving biological entity is more likely to signal a threat, it is thus crucial for an organisms survival to quickly and precisely judge its moving direction in order to make an appropriate response (e.g., fight-or-flight reaction). Because of this evolutionary salience, it is likely that such organism's would have a higher sensitivity to biological motion walking direction with higher motion speeds. In the current study, we consistently found that observers were more sensitive and performed better in discerning walking direction when the walker walked at a fast pace compared to a natural or slow pace. This result suggests that our perception of walking direction can be strongly modulated by the motion speed of biological motion. Although the number of motion cycles also has an impact on the discrimination sensitivity for biological motion walking direction [15] , better discrimination for fast motion signals should not solely be attributed to the number of motion cycles in the different motion speed conditions. Interestingly, walking direction sensitivity was enhanced by increasing the feet motion speed while keeping other variables unchanged. Critically, this enhancement disappeared when the motion direction of the feet was kept constant and thus did not provide any useful information about the walking direction. These results suggest that superior direction sensitivity for fast motion speed is not due to a general arousal effect but indeed reflects a perceptual enhancement of discrimination sensitivity that is specific to the walking direction of the feet. In other words, our perception of biological motion walking direction is strongly modulated by the local motion speed.
The current results are consistent with recent neuroimaging studies that have consistently identified the posterior superior temporal sulcus (pSTS) as being specifically sensitive to biological motion signals and playing a critical role in the perception of biological motion [40] [41] [42] [43] [44] . Because the pSTS receives both form analysis from the ventral stream and image motion signals from the dorsal stream, it is possible that biological motion perception can be influenced by both form and motion signals. On one hand, we have demonstrated a significant modulation effect of local motion speed. On the other hand, the form information (e.g., normal feet condition vs. constant feet condition in Experiment 4) affected the observers' judgment about walking direction.
Taken together, our findings suggest that our sensitivity to biological motion walking direction can be strongly modulated by the motion speed, and that such modulation critically depends upon the motion of the feet. These results highlight the role of local motion signals in biological motion walking direction discrimination, and provide new insights into the mechanisms underlying biological motion perception.
